The growth of solid tumors dependent on the process of angiogenesis in which growth factors secreted by tumor and stromal cells promote endothelial cell proliferation, migration, and maturation. This process generates a tumor-specific vascular supply and enables small or dormant tumors to grow rapidly with exponential increases in tumor volume. Determination of tumor oxygenation at the microvascular level will provide important insight into tumor growth, angiogenesis, necrosis, and therapeutic response, and will facilitate to develop protocols for studying tumor behavior.
Introduction
Each year more than 200,000 people in the United States are diagnosed with a primary or metastatic brain tumor. Primary brain tumors comprise approximately a fifth of these diagnoses (1). Brain tumors are the leading cause of solid tumor cancer death in children under the age of 20, now surpassing acute lymphoblastic leukemia. The Glioma family of tumors account for 44.4% of all tumors, with Glioblastoma being the most common type of Glioma at 51.9% and Astrocytoma representing 21.6% of all Gliomas (1) . As yet, non-invasive optical diagnostic techniques have not been fully developed for early detection of Glioblastoma, per se not even in small animal brain tumor models. The tumor's growth is linked to its ability to recruit new blood vessels, a process called angiogenesis. This is a complex process characterized by proliferation, migration, and invasion of capillary endothelial cells, as well as functional features that depend on their interaction with the surrounding extra-cellular matrix components. Malignant brain tumors are among the most angiogenic of all human solid tumors. The principal angiogenesis factor produced by the family of glioblastomas is vascular endothelial growth factor (VEGF). In fact VEGF expression and micro-vessel density correlate directly with the degree of malignancy and over-all outcome of gliomas. The αν-Integrin adhesion molecules present on sprouting endothelial cells and their interaction with specific matrix ligands also play a key role in angiogenesis (2-5).
A non-invasive small animal imaging technique for monitoring tumor vascularization during angiogenesis and the response to therapy in small animal models is desirable. A relatively inexpensive, and straightforward way of non-invasive, in vivo monitoring of the vascular status of tumor and the physiological changes that occur during brain tumor angiogenesis will greatly aid the biological study of tumor progression.
Noninvasive optical diagnostic techniques have been explored for detecting tissue abnormalities (7-9). Near infrared spectroscopy (NIRS) holds an appeal as an alternative tool for monitoring tumor vascularization during angiogenesis, because it uses non-ionizing radiation permitting continuous or repeated exposure and does not require injection of contrast agents. It is also relatively portable and more economical than magnetic resonance imaging/spectroscopy (MRI/MRS). Recently, there has been increased attention on the use of nearinfrared (NIR) and long visible wavelength (LVW) light for optical spectroscopy of the interior of biological tissues (6, 7). NIR and LVW light passes easily through biological tissues, such as the skull, brain, and the breast (8, 9) . Both scattering and absorption properties of tumors and its surrounding are accessible and may be used to characterize lesions. Optical spectroscopy presents several potential advantages over existing radiological techniques. First, this non-ionizing radiation method has a potential to differentiate regions, due to their different absorption or scatter at NIR and LVW that are indistinguishable using other modalities. Second, specific absorption by natural chromospheres at different wavelengths may yield important physiological information such as relative tissue oxygen saturation (StO 2 ). However, NIRS technique has a limited spatial resolution. On the other hand magnetic resonance imaging (MRI) has achieved high spatial resolution imaging with excellent tissue discrimination but is more susceptible to limited ability to monitor the hemoglobin dynamics. Several groups have reported the combined use of NIRS/MRI technique for monitoring the origin of blood oxygen level dependent signal in functional MRI of human brain (10-15) and for studying breast cancer (16) (17) . The use of small animals in imaging is also steadily emerging. In order to validate and optimize therapy, it is necessary first to demonstrate its efficiency in animals by performing detailed studies. The information obtained from animal studies cannot be replaced by means of computer modeling and/or cell culture studies.
We and several other research groups have reported the use of small animal tumor models in the studies of tumor oxygenation by NIRS (18-24). Culver et al. (25) studied the volumetric diffuse optical tomography of brain activity, while Nemoto et al. constructed somatosensory stimulation studies in rats by stimulating the hind limb (26), but instead of imaging through the skin and skull, the bone was made translucent using a carboxymethyl polymer, and only 2D tomographic maps were generated. Siegel et al. and Cheung et al. (27, 28) showed topographic maps of localized changes in cortical hemodynamics in response to somatosensory provocation and hypercapnia experiments in an anesthetized rat. Christoforidis et al. proposed the visualization of microvascularity in Glioblastoma multiforme with 8-T high spatial resolution MR imaging (29) and Fabian et al. reported volumetric computed tomography (VCT) as a new tool for imaging small tumor vessels in vivo using a carcinoma model of nude mice (30). Recently, Sorg et al. studied the tumor development and evolution of tumor hypoxia by the method of hyperspectral imaging in dorsal shinford window chambers using a 4T1 mouse mammary carcinoma that constitutively expresses the red fluorescent protein (RFP) DsRed, and co-expresses enhanced green fluorescent protein (GFP) that responds to hypoxia under the control of the hypoxia regulatory element (HRE) promoter (31).
The understanding of tumor oxygenation at the microvascular level may provide useful insight into tumor physiology, therapeutic response and development of protocols to study tumor behavior. In this paper, we investigate intracranial brain tumor angiogenesis in an orthotopic model in nude mice. A non-invasive multi-modality approach based on near infrared spectroscopy (NIRS) technique, namely: Steady State Diffuse Optical Spectroscopy (SSDOS) along with Magnetic Resonance Imaging (MRI) is applied for monitoring the concentration of oxyhemoglobin, deoxyhemoglobin, and water within tumor region, and for studying the vascular status of tumor and the patho-physiological changes that occur during angiogenesis. Since, the growth of solid tumors depends on the formation of new blood vessels, an association between intramural microvessel density (MVD) and tumor oxygenation is also investigated.
Materials and Methods

Near Infrared Spectroscopy: Steady State Diffuse Optical Spectroscopy
Our NIRS system is portable, provides real-time data, and, is based on simple continuous wave, steady state technique based on the theory of Farrell et al. (32) . The proposed system is capable of extracting optical properties of highly scattering media with an accuracy of 10% or better within the range of transport albedos, where diffusion theory is appropriate (33). The measurements of the optical properties of the brain tumor and its vicinity can be used as a diagnostic tool for predicting hypoxia, monitoring of the therapeutic drug response or targeting the region of interest during photo-dynamic therapy. The scattering and absorption properties of tumor tissue can provide useful information of tissue structure and chromophore (such as oxy and deoxy-hemoglobin, etc.) concentration.
Measurement System
A schematic diagram of our experimental set-up is shown in Figure 1 . A continuous wave (CW), steady state excitation source was produced by pumping a tunable dye laser (650-800 nm) having a linewidth of 0.03 cm -1 . The laser was coupled to a single mode (10 μm) core diameter, wavelength selective cut-off fiber lens. Unlike a non-coherent, and extremely divergent white light lamp source, our geometry avoids the need for collimator and provides a uniform coherent Gaussian profile of the excitation source, with a very low (<11º) divergence (33) (34) (35) . The laser was temperature controlled and run at a constant power mode (10 mW) onto the sample. A high spatial resolution XY-transitional stage (resolution 1 nm) was used for recording the relative spatial position of animal with respect to excitation and collection fibers as well as for moving small animal in and out of the cylindrical probe geometry without inducing any motion artifacts.
As an option, carbogen and anesthesia regulators were also embedded into this transitional stage. The diffused signal was collected in a back reflection, spatially resolved geometry by arranging equidistant multimode (core diameter 100 μm) fibers (1 mm apart) in a cylindrical geometry. A snap shot of actual probe platform is also shown in Figure 1 . An optical switch was employed to guide the diffused backreflected light from individual fibers into a high resolution spectrometer consisting of three gratings (monochromator) spectrometer and a CCD detector. The entrance slits of first monochromator were kept wide open to allow entrance of all collected light, while the adjustment of entrance slits of second and third monochromator defined the band-pass frequencies and resolution, respectively. A high sensitivity (2 count/100 photons) CCD detector (Toshiba: QE65000, 1024 × 58 total pixels) was interfaced with the computer for further data analysis. The acquisition time of the spectrometer was set manually for achieving a desired signal to noise ratio.
Theoretical Model
In this paper we adapt theoretical results to the implementation of radially resolved steady state diffuse reflectance spectroscopy based on the theory of Farrell et al. (32) . The ability of this technique, based on simultaneous acquisition of spatially resolved diffuse reflectance data over multiple wavelengths represents a significant advance over previously available steady state theories. This method provides a straightforward and an accurate separation of absorption coefficient (μ a ) and reduced scattering confident (μ' s ) from a single measurement from the spatially resolved diffuse reflectance. For each wavelength, we calculated the absorption coefficient μ a and reduced scattering coefficient μ' s by following the approach of Hull et al. (37) , where the measured diffuse reflectance curve is fitted to the curve predicted for a normally incident CW pencil beam by the optical diffusion theory of Kienle et al. (19) . The spectral window of 675-780 nm was chosen as light in this spectral range readily penetrates the skull (33, 38), i.e.,
where, ρ is the source-detector separation, C 1 and C 2 are calculated from the collection fiber properties and the properties of the tissue/fiber interface and A steady state excitation source was produced by a tunable dye laser (650-800 nm), pumped by a continuous-wave (CW) laser. The laser was coupled to a single mode (10 μm) core diameter, wavelength selective cut-off fiber lens to act as an excitation source (10 mW) placed just above the skin of an animal. An animal was placed on a high spatial resolution XY-transitional stage (resolution 1 nm). The diffused signal was collected in a back reflection, spatially resolved geometry by arranging equidistant multimode (core diameter 100 μm) fibers (1 mm apart) in a cylindrical geometry just above the skin of an animal. A snap shot of actual probe platform is also shown. An optical switch was employed to guide the diffused back-reflected light from individual fibers into a high resolution spectrometer consisting of three gratings (monochromator) spectrometer and a CCD detector. 
mined by the tissue/fiber boundary, and and are the distances between the observation point and fictitious point sources located directly below and above the source fiber, respectively. In the present study, the values of C 1 = 0.0132, C 1 = 0.0389, and A = 3.23 are taken from Hull et al. (37) . It is to be noted that for small ρ, R(ρ) is mainly determined by μʹ s , while for large ρ the exponential decay characterized by μ eff dominates the reflectance expression. By acquiring reflectance data simultaneously at small ρ as well as larger ρ, the optical coefficients μʹ s , and μ a can be uniquely determined.
The broadband nature of the measured spectra from steady state diffuse reflectance measurements allows for multivariance technique like non-linear least square algorthim to extract estimates of the concentration of various contributing chromophores. The Levenberg-Marquardt algorithm provides a numerical solution to the mathematical problem of minimizing a function, generally nonlinear, over a space of parameters of the function.
Our approach was based on spatially resolved diffuse optical spectroscopy technique to probe 'average tissue properties' of an intracranial tumor and its vicinity, which was inspired by reports that tumors might be more heterogeneous and vascular along surface than at a specific depth, Fox (41), Weidner (49) . The absorption spectrum of normal brain tissue can be measured prior to the injection of tumor cell lines and subsequently it is possible to subtract this background spectrum prior to least square analysis. It is to be emphasized that subtraction of the measured background is used for validation of the reconstructed absorption spectrum analysis, Saxena et al. (35) . This approach is further applied to measure optical indices for all animals and ensures that a physically plausible solution exists even when there is uncertainty in absorption values from multiple wavelengths.
Statistical Methods and Analysis
The broadband nature of the measured optical NIR spectra from steady state diffuse reflectance measurements allows for multivariance technique like non-linear least square algorthim to extract estimates of the concentration of various contributing chromophores. The Levenberg-Marquardt al-gorithm provides a numerical solution to the mathematical problem of minimizing a function, generally nonlinear, over a space of parameters of the function. In our analysis, the measured reflectance values were fitted to Eq.
[1] using the Levenberg-Marquardt non-linear least-squares algorithm implemented in Java and adapted from Numerical Recipes in C, Press et al. (43) . The spectral window of 675-780 nm was chosen as light in this spectral range readily penetrates the skull, Culver et al. (25) , Saxena et al. (33) . A linear combination of several known absorption spectra was fit to the absorption spectrum reconstructed from the spatially resolved diffuse reflectance technique to extract various component species as fitting parameters. The absorption spectrum of haemoglobin has a form:
where, (HbO 2 ), (HbR), and (H 2 O) are the concentration of oxy-, deoxy-hemoglobin, and water, respectively, and ε(λ) represents the molar extinction coefficients of these species at a particular wavelength. It may account for background chromophores other than HbO 2 , HbR, and H 2 O (85% by volume) with no significant spectral features or in trace amounts. Nevertheless, the background absorption also serves to correct for a systematic offset in the absorption value that is due to both model inaccuracy and calibration inaccuracy. Previous research in tissue phantom tissues showed that in the case of a broadband absorption spectrum adding this degree of freedom in the fit can significantly improve its accuracy (39). We obtained the absorption coefficient spectra (reflectance curve) at 15 discrete wavelengths in a spectral window of 675-780 nm. For each reflectance curve, the fit between measured values and model predictions was inspected and verified. At each wavelength, the reflectance curve was measured multiple times (the mouse was removed and repositioned between each measurement), and μ a and μʹ s were obtained for each measurement. From these values, means of (〈μ a 〉 and 〈μʹ s 〉) and standard deviations were calculated. There was no significant change in the baseline values of optical absorption coefficients in all animals. In our statistical analysis the variation of mean and standard deviation values of oxy-hemoglobin, deoxy-hemoglobin, water, tissue oxygen saturation and MVD counts are calculated for different tumor sizes. These values are presented in Table I .
Magnetic Resonance Imaging of Small Animal
MRI data (7 Tesla PharmaScan Magnetic Resonance System from Bruker, Billerica, MA) are obtained for localizing the tumor and calculating the changes of the tumor volume during angiogenesis. High contrast MR images are also used for the systematic monitoring of the structural evolution of tumor as well as deformation of normal brain tissue in the vi- cinity of the tumor region during angiogenesis. Tumors were imaged using the RARE sequence (TE = 36.2 msec; TR = 3000 msec; slice thickness 0.7 mm; slice separation 0.7 mm; FOV 20 mm; axial orientation) on a Bruker 7T small animal MRI scanner. Tumor volumes were calculated by measuring the maximum and minimum tumor radii r max and r min in the axial (2D) image for which the tumor cross-section was a maximum. The tumor volume was then approximated by:
We also measured tumor volumes directly by marking the tumor boundary in each of the axial images and summing the contributions from all slices. However, the discrepancy in tumor volume measurements by both methods was found to be less than 5%. Histological measurements of the intracranial tumors also revealed spherical shape, hence confirmed the cross-sections to be more or less equal (r max � r min ), and we expect Eq.
[5] to be a reasonable approximation for our purposes.
Cell Lines and Tumor Model
Details of the xenotransplanted model in nu/nu mice have been described previously (2, 5). U87MG Glioblastoma cells were injected into the right frontal cortex of 4-6 week old 15 female mice from Harlan (Indianapolis, IN) kept in stereotactic frame (Kopf Instruments, Sunland, CA). Mice were anesthetized with a mixture of i.p. ketamine 100 mg/ kg and xylazine 10 mg/kg. 1.0 ml of tumor cell suspension (10 5 cells/1 μl serum-free DMEM) was injected using a Harvard pump over 10 minutes into the caudate putamen. Bone wax was applied at the craniostomy site and the skin was closed with bioadhesive.
Animal procedures were performed according to the protocol approved by the Institutional Animal Care and Use committee (IACUC). The weekly growth rate of the tumors was highly reproducible, with less than 10% standard deviation. Survival of mice was 7-8 weeks. All animals were sacrificed when they showed significant neurological or physical clinical signs associated with tumor progression.
Histopathology
The brain of animals were removed following vascular perfusion with a solution containing PBS and buffered 10% formalin and then either snap frozen in OCT or fixed in 10% buffered formalin for paraffin embedding. The standard H&E staining procedure was performed on 5 µm-thick sections of embedded tumors to obtain histology slides (2). Specimens were reviewed by two neuro-pathologist with attention to invasion, satellitosis, necrosis, hemorrhage, angiogenesis, and fibrosis. Blood-vessel density (MVD) was quantified by counting the number of vessels per unit area across the entire tumor.
Results
All animals were injected with PBS, which causes a minimal local disruption of local tissue (neuropil). Over time a microscopic residual shrunken area of neuropil collapse was noted, with discrete mural fibrosis of local blood vessels and few hemosiderin deposits and hemosiderin laden macrophages. There was no vascular proliferation or inflammation. Baseline NIR measurements were performed in all animals prior to the injection of the tumor cell in the right hemisphere of the brain. MRI scans were performed followed by the NIR spectroscopy. These measurements were performed on both hemispheres of the brain to monitor any changes in the baseline measurement value caused by tumor growth in the right hemisphere. Unlike Merritt et al. (40) , who performed coregistration of NIRS and MRI measurements by the Monte Carlo Mapping technique to visualize and probe exact depth within a subcutaneous tumor model of rat, our approach was to probe average tissue properties of a tumor tissue and its vicinity and was inspired by the recent reports that tumor may be more vascular along surface than at a specific depth (41, 42) . In our non-invasive NIRS experiments, excitation fiber tip was placed just above the skin that shows the needle mark through which glioblastoma cell lines were injected. Figure 2 shows the growth of tumor in a typical intracranial brain tumor model of nude mice. The MRI scans show a very symmetric growth of tumors, which was mostly spherical. The tumor volume as calculated from the MRI images During the measurement of optical indices, the raw data obtained from the measured reflectance values are fitted to Eq.
[4] using the Levenberg-Marquardt non-linear least-squares algorithm (43) to extract absorption coefficient (μ a ) and reduced scattering confident (μʹ s ) with the constraint that the concentrations must be greater than zero (44). At each wavelength, the reflectance curve was measured multiple times (the mouse was removed and repositioned between each measurement), and μ a and μʹ s were obtained for each measurement. By repositioning the probe in the same location on the animals head there was, on an average (across animals and days), a standard deviation of 15% for μ a and 20% for μʹ s . From these values, means of (〈μ a 〉 and 〈μʹ s 〉) and error bars were calculated. The fit to of the chromophore spectra (HbO 2 , HbR, H 2 O, and constant background absorption) to the μ a spectrum allows for the determination of the concentrations.
There was no significant change in the baseline values of optical absorption coefficients in all animals. Figure (4) shows the extracted values of deoxy-hemoglobin, (HbR), oxy-hemoglobin (HbO2), and total hemoglobin (HbT) with tumor growth in a typical animal model. The maximum percentage change in the values of HbT during the tumor growth is 12% as compared to 72% increase in the value of HbR suggesting a possible hypoxic trend. Overall percent change in the value of HbO2 is relatively small (7%). The variation of oxygen saturation values and water concentration with tumor growth are plotted in figure (5). With tumor growth the average tissue saturation value changes from 78% to 60%, while the concentration of water changes from 54M to 60M.
Time Course Study
The variation of mean and standard deviation values of oxyhemoglobin, deoxy-hemoglobin, water, tissue oxygen saturation (obtained from optical measurements), and MVD counts (obtained from H&E analysis) are calculated for different tumor sizes (obtained from MRI). These values are presented in Table I . The sacrificed animals are categorized in the following groups: Group I (three animals sacrificed on 35 th day); Group II (five animals sacrificed on 39 th day); and Group III (seven animals sacrificed on 46 th day). The average tumor volume (V) as measured by MRI is under 20 mm 3 for Group I, in between 20-40 mm 3 for Group II, and in between 40-60 mm 3 for Group III animals. The most prominent changes occur in the HbR value as tumors grow in volume. On an average, for all animals, the maximum percentage change of HbR value during tumor growth is over 55% and can be used as an angiogenesis biomarker. In comparison to the average change in the HbR values, only 5% change in HbO 2 and less than 10% change in water content is found. During tumor growth the maximum change in the average oxygen saturation value is 16%. Figure 6 shows typical high resolution H&E slides of the brain of the animals when tumors have grown to 20, 30, and 40 mm 3 in volume (40X magnification). All slides show a distinct boundary between tumors and normal brain. The MVD was quantified by counting the number of vessels per unit area across the entire tumor for all animals.
The MVD counts were performed with 10, 10, 11, 11, and 12 fields of view (0.25 mm diameter) were used. Figures 7  and 8 show the variation of MVD counts (from H&E slides) verses deoxyhemoglobin (from NIRS measurements) and the variation of water content and tissue oxygen saturation for different tumor sizes, which is represented as: ×, Group I; l, Group II; and n, Group III for tumors grown under 20, 30, and 40 mm 3 in volume, respectively. A relatively higher MVD count for the larger tumors in Group III animals with respect to relatively smaller tumor in Group I animals clearly shows a trend of recruitment of more blood vessels with tumor growth. Weidner et al. (49) using micovessel counts have found that microvessel density (MVD: number of microvessels per unit area) as an independent prognostic marker of vascularization during angiogenic activity. We found that the most prominent changes occur in the HbR value as tumors grow in volume; hence, it can be used as an angiogenesis biomarker. The relative decrease in the oxygen saturation value and deoxyhemoglobin with tumor growth indicates that though blood vessels infiltrate and proliferate the tumor region, a hypoxic trend is clearly present.
Discussion
Optical measurement of tumor physiology at the microvessel level has a potential for predicting and monitoring patient response to therapies. The tumor vessel permeability to macro-molecular blood solutes and the effect of intracranial pressure have been shown by others, Jain (50), Su et al. (51) , to correlate with tumor growth, metastasis potential and therapeutic outcome. However, the emphasis of the present work is on the development of a non-invasive diagnostic technique to study the vascular status of tumor and the patho-physiological changes (deoxy-hemoglobin verses micro-vessel density) that occur during angiogenesis.
In this paper we presented the results of optical measurements of HbO 2 , HbR, and H 2 O concentration in an intracranial brain tumor model. The optical measurements were correlated with the MR scanned volumetric measurements along with histology to study the vascularization of tumor and the patho-physiological changes that occur during brain tumor angiogenesis. We obtained the absorption coefficient spectra at 15 discrete wavelengths in a spectral window of 675-780 nm. The fit of the chromophore spectra (HbR, HbO 2 , H 2 O, and background absorption) to absorption coefficient spectrum allows for the determination of the concentrations of chromophores. Our measured baseline absorption and scattering coefficients of intracranial brain tissue are closer to the values reported by Pogue et al., in their study of high resolution NIR tomographic imaging simulations of the rat cranium. In their reported work, they used the priori information from MRI of spin-echo image of rat cranium to obtain an outline of the bone, brain, and muscle tissue to constrain the image re-construction of diffuse optical tomography (45). Our measured values of HbR and HbO 2 are higher than those reported by Merritt et al. (49) for the subcutaneous rat model, which is likely due to higher absorption and reduced scattering coefficients extracted for intracranial tumor growth in our mouse model. However, the relatively higher values of HbR and HbO 2 can also be due to possible unknown background. Cheng and Boas in their systematic study of diffuse optical measurements resulting from the uncertainty in unknown background optical properties mentioned that the relative ratio of changes in oxy and deoxy-hemoglobin concentration is much less sensitive parameters than absolute measure of the changes in oxy and deoxy-hemoglobin concentration (46). Recently, Tromberg et al. (47) have also proposed the changes in HbR concentration as the most prominent indices for monitoring tumor angiogenesis, which is consistent with our finding. Unlike Merritt et al. and Caccia et al. (39, 40) who performed co-registration of NIRS and MRI measurements by Monte Carlo mapping technique to visualize the path of diffuse photons (frequency domain diffuse reflectance spectroscopy) to probe certain depth within a subcutaneous rat tumor model, our MRI scans show a very symmetric growth of tumors; moreover, our approach was based on spatially resolved diffuse optical spectroscopy technique to probe average tissue properties of an intracranial tumor and its vicinity, which was inspired by reports that tumors might be more heterogeneous and vascular along surface than at a specific depth (41, 49). There have been stringent limitations imposed by the requirement to use microelectrodes to obtain detailed information on tissue oxygenation. Microelectrodes can provide precise information about the oxygen content at a single location, and though they can be moved around to measure several point measurements, it is virtually impossible to obtain enough data to truly characterize the entire oxygen field, even in a small tumor micro-region (44).
In summary we utilized the strength of non-invasive, NIRS technique for measuring values of oxy and deoxy-hemoglobin compartments per cubic volume of tumor, and, we correlated the diffuse optical tomographic measurements with MRI and conventional histology procedures and capitalized on the strengths of each method. Our approach is an effort towards the search for an angiogenic index that will broaden our understanding of tumor vascularization during an inherently complex angiogenic process.
